
REPORTDOCUMENTI AD9 m.ApprovedAD-A2V ME64 No, 0704-0188
oIf lltn IImaio Is Stil ill lit inlla I 10irv dait- uowces g w e

rnaia~ir~rrgihe det rreeded.and •r stnInga renwingIhec4oloo n0linfornm of 111 i n, III! sogi;W•h I I,11
for redudcng thi bWde, to Wathlnngton Headquwemr, Se",4we, olofecrall in lioiJ ll .IN 4. Arlingon, VA m 4W02.arr to
the Office of Mogeent and Budget Pqewodrk Reductin Pmcedw (0704-0188

1. Agency Use Only (Leave blank). 12. Report Date. 3. Report Type end Date I Covered.
March 1993 Final - Journal Article

4. Title and Subtitle. S. Funding Numbers.
An Evaluation of the Real-Time Tropical Cyclone Forecast Skill of the Navy Contract
Operational Global Atmospheric Prediction System In the Western North Pacific Proprom Elennli No 0603207N

6. Author(s). Po"00 No, X2008

Michael Fiorino', James S. Goerss, Jack J. Jensen-, and Edward J. Harrison, Jr.- Task No
Accession No DN650751

3 I | w WoVt.ftNo 94312A

1. Performi/onng Agniton Nme(*) and Addressess). I ! . PerformingOrgiizton
Naval Research Laboratory I ELECTE I por Number.
Marine Meteorology Division }A431:006:92
Monterey, CA •lMAY 2 5 199311

9. Sponsoring/Moniltoring Agency Name(*) and Address(ee). • F CIli Sponsorlng4/niltordng Agency

Space and Naval Warfare Systems Command (PMW-141) CReport Number.

Washington, DC 20363-5100JA41069
JA 431:006:92

11. Supplementary Notes.
Published in Weather and Forecasting.
*Universities Space Research Assoc., Greenbelt, MD, "Fleet Numerical Oceanography Center, Monterey. CA,
**ARC Professional Services Group. Inc., Landover, MD

12a. Distribution/Avallability Statement. 12b. Distribution Code.
Approved for public release; distribution is unlimited.

13. Abstract (Maximum 200 words).

The meteorological quality and operational utility of the Navy Operational Global Atmospheric Prediction System (NOGAPS) in

forecasting tropical cyclones is evaluated and it is shown that the model can provide useful predictions of motion and formation on
a real-time basis in the western North Pacific. The evaluation was conducted during the 1990 operational testing of a procedure
to improve the initial analysis or specification of tropical cyclones (TCs) in NOGAPS by the U.S. Navy Fleet Numerical Oceanography
Center (FNOC). The NOGAPS TC analysis procedure generates synthetic TC observations based on operational vortex data (e.g.,
location and maximum surface wind speed) and then adds the observations to the observational data base with flags to force their
assimilation. Results from the first year of testing were favorable, despite intermittent application of the procedure.

93-11543

14. Subje I Terms. 15. Number of Pages.

Data assimilation, quality control 22

16. Price Code.

17. Security Classification 18. Securlty Classificatlon 19. Security Clisslficatlon 20. Umitatlon of Abstract.

of Report. of This Page. of Abstract.
Unclassified Unclassified Unclassified SAR

NSN 7540-01-280-5500 Standard Formn 298 (Rev 2 89)
Pre•rted by ANSt Std Z39ýt
296 102



ISSN 0882-8156

Accesluri For
N4TIS CRAMt
DTIC TA1 C

1,Undnflounced
j1 Ii f¶i Ca tion _

March 1993 DtrBy~f oe

%'Olume 8 *Number I 
___

AvioI (vidior -



VOL. S.No. I WEATHER AND FORECASTING NARC1• 4 3

An Evaluation of the Rel-Time Tropical Cyclone Forecast Skill of the Navy Operati,;nal
Global Atmospheric Prediction System in the Western North Pacific

MICHAEL FIORINO*
Bowie. AMaryland

JAMES S. GOERSS
Naval Research Laboratory, Monterey. California

JACK J. JENSEN'
Fleet Numerical Oceanography Center. Monterey, California

EDWARD J. HARRISON, JR.
ARC Professional Services Group. Inc._ Landover. .arfland

(Manuscript received 12 February 1992, in final form 18 September t992)

ABSTRACT
The meteorological quality and operational utility of the Navy Operational Global Atmosphenc Prediction

System (NOGAPS) in forecasting tropical cyclones is evaluated and it is shown that the model can provide
useful predictions of motion and formation on a real-time basis in the western North Pacific. The evaluation
was conducted during the 1990 operational testing of a procedure to improve the initial analysis or specfication
of tropical cyclones (TCs) in NOGAPS by the U.S. Navy Fleet Numerical Oceanography Center (FNOC). The
NOGAPS TC analysis procedure generates synthetic TC observations based on operational vortex data (e.g.,
location and maximum surface wind speed) and then adds the observations to the observational data base vith
flags to force their assimilation. Results from the first year of testing were favorable, despite intermittent application
of the procedure.

The meteorological characteristics of the NOGAPS tropical cyclone predictions were evaluated by examining
the formation of lov.-level cyclone circulation systems in the tropics and vortex structure in the NOGAPS
analysis and verifying 72-h forecasts. Analyzed circulations were found in the vicinity of developing TCs for
nearly all cyclones during the operational test period. This finding implies that the model is "primed'" for
assimilating the synthetic observations and may be accurately simulating the !arge-scale environments favorable
to TC formation. The analyzed TC circulations had greater than observed horizontal extert due to coarse grid
spacing (ax - 160 kin) in the global model: however, the vortices, in general. were vertically stacked and
maintained during the forecast by realistic amounts of thermodynamic forcing from the cumulus parameterization.
Despite the large size of the NOGAPS TC vortices, the track forecasts were not overly biased with regard to
track or speed. The operational utility of the NOGAPS track forecasts was analyzed through a comparison with
the real-time runs of a baseline climatology persistence aid and with the best dynamical model used by the Joint
Typhoon Warning Center. Guam. To ensure a realistic comparison of the forecasts and to improve the appearance
of the global model tracks, a postprocessing adjustment procedure was employed that accounts for the observed
initial motion and position. The adjusted NOGAPS track forecasts showed equitable skill to the baseline aid
and the dynamical model. In fact. NOGAPS succesfully predicted unusual equatorward turns for several
straight-running cyclones. Overall. the adjusted NOGAPS track forecasts were judged to be competitive with
other aids used by the operational forecasters at JTWC and it is suggested that global models may make important

i n contributions to improving TC forecasting in the future.

17
ces 1. Introduction U.S. National Meteorological Center (NMC). the Ja-
to
er There is a growing interest among the major oper- pan Meteorological Agency (JMA), and the Europeans gCentre for Medium-Range Forecasts ECMWF)] inational numerical weather prediction centers [e.g., the directly forecasting tropical cyclones (TCs) with their

,the
131. global models (Kitade 1989). This undertaking is mo-

tivated by four factors. First, the horizontal resolution
"Current atilliation: Universities Space Research Association. o, the global models has steadily increased with com-

Laboratory for Atmospheres, NASA Goddard Space Flight Center. t advances. Preliminary tests of
Greenrelh, Maryland. pater technology pro-

* Captain. U.S. Navy_

As of lul'. 1992 the operational models had the following spectral
Correrspondine author address: Dr. Itichae' !"iunno. 3406 Estonia resolutions: ECMWF-T213: NMC-TI26: JMA-TI06: FNOC-
. •lowie. MID-07 16. T79.
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totype high-resolution global spectral models (e.g., in- Overview of the evaluation a
angular truncation of 167 waves, or "T167") have
demonstrated great promise for the accurate prediction The NOGAPS tropical cyclone analysis procedure t:
of tropical cyclone motion and to some extent structure consists of adding synthetic TC soundings to the ob- s:
(Krishnamurti et al. 1989). Second. recent theoretical servational database used by the global model analysis 17
studies have suggested that the barotropic steering dy- system. The synthetic TC observations are constructed
namics of tropiczl cyclone motion operates on scales based on all available vortex information [e.g., position.
resolvable by the current generation of global models maximum wind speed. and radius of 30 kIt (knot) ( 15 a
(e.g.. Fiorino and Elsberr' 1989a.b). Third. several in- m s-) winds] from the TC warning centers and are
stances of credible tropical cyclone forecasts have been designed to aid the NOGAPS model in representing s
produced from earlier operational global models that TC-like circulations on scales resolved by the global t<
had resolutions coarser than those in 1990 (e.g., Chan model. s
and Lam 1989: Hall 1987: Heckley et al. 1987). Finally, The analysis of the meteorological aspects of the c
the long-range prediction of the synoptic-scale flow NOGAPS predictions was limited to 1) low-level cy- t.
(ana presumably the cyclone track) in global models clonic circulations (LLCC) activity, evidenced by a
will be superior to that from limited-area models (e.g., closed circulations in the 925-mb streamfunction c
Hodur and Burk 1978) as these latter models require analysis, and tropical cyclogenesis; 2) vortex structure; ,
lateral boundary conditions that eventually distort the and 3) track. All three are physically interrelated and t
large-scale flow affecting the cyclone, the overall success of the model will depend on per-

After an increase in the spatial resolution of the Navy formance in each area. Each aspect (LLCC. structure. t:
Operational Global Atmospheric Prediction System and track) is described in greater detail in the following
(NOGAPS) in August 1989. several instances of ex- discussion. c
cellent track forecasts (e.g.. Hurricane Hugo) were ob- Tropical cyclogenesis was analyzed by following all
served. Furthermore, NOGAPS frequently developed LLCCs in each analysis and verifying 72-h forecasts
low-level cyclonic circulations in the vicinity of tropical (i.e., valid at the time of the analysis) during the c
cyclones, even in data-sparse areas (Goerss et al. 1991 ). five-month period. In addition, coincidence between
However, there were often differences between the po- NOGAPS LLCCs and observed cyclones was exam- 1:
sitions of the model-generated and the observed cy- ined. Although we did not expect the model to be used
clones, which confused operational users and appeared necessarily as a tool for predicting the formation of
to degrade performance of the other track forecasting tropical cyclones, the procedure for inserting synthetic a
aids that relied on the NOGAPS fields. Accordingly, observations of tropical cyclones is more likely to suc- Z
in June of 1990. the U.S. Navy Fleert Numerical ceed if the first-guess field contains some background -

Oceanography Center (FNOC) began a program to cyclonic circulation, that is, when deviations between
improve the ability of the global model to analyze and the synthetic observations and the first guess are small r
forecast tropical cyclones on an operational basis. The (Goerss et al. 1991 ). Furthermore, if tropical cyclo-
primary objective of the program was to enforce some genesis is truly a function of the large-scale (>5000
degree of watch-to-watch consistency in the NOGAPS km) flow in the tropics (e.g., McBride and Zehr 1981 ),
analysis and prediction of tropical cyclones by inserting then a global model would have the potential for pre-
synthetic TC data in the region of these storms. dicting such supportive environments. Additionally, 1

This paper evaluates the performance of NOGAPS the assimilated vortex relies on the diabatic forcing of s
during the period 25 July through 24 December 1990 cumulus convection for maintenance. This forcing de- c
for 23 tropical cyclones (cyclone 09W-3 IW) in the pends on the thermodynamic structure of the environ-
western North Pacific. This period coincides with the ment so that convective activity and an LLCC prior to
field experiment phase of the Office of Naval Research formation would aid the assimilation and help to sus- r
Tropical Cyclone Motion Research Initiative, called tain the vortex during the early stages of development. s
TCM-90 (Elsberry 1990). and was the first operational By examining the LLCC activity in NOGAPS. we f
test of the TC analysis procedure. Our evaluation ad- measure both the degree of "resistance" (i.e.. large ob- c
dresses the ability of the model dynamics and physics servation/first-guess differences) to assimilating TC-
to simulate the first-order features of the TC, such as scale observations and indirectly the model's prediction
a wa-m-core structure supported by realistic amounts of some aspects of the large-scale flow in the tropics.
of convective heating, and the performance with respect Three basic structural features of the NOGAPS TC
to other operational forecast aids. Accordingly, the circulations were qualitatively examined: I) low-level
NOGAPS tracks were postprocessed to make consistent (925 mb) wind and the radius of 30 kt (- 15 rn s-')
comparisons with the operational products. Although winds: 2) vertical depth of the circulation: and 3) pre-
this evaluation is limited to the FNOC global model cipitation charts prepared once a day. Horizontal extent
forecasts in support of the Joint Typhoon Warning nf!" -"r',ex ano the magnitude c the ,%inds in the r
Center (JTWC). Guam. we believe the evaluation = 500-800 km annulus have been related to a self-
methodology and postprocessing procedures may have propagation effect (e.g.. beta drift) due to the gradient
applicability at other numerical forecast centers. of absolute vorticity (Carr and Elsberrv 1990: Fionno (
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and Elsberry 1989a). Thus. a positive correlation be- features a full suite of parametenzed physical processes.
tween biases in the NOGAPS forecasts to the right of including the Arakawa-Schubert cumulus scheme

lure the observed path (Northern Hemisphere) and exces- (Arakawa and Schubert 1974), and has been observ.ed
Sob- sive winds in the outer regions of the circulation could to be thermodynamically responsive to disturbances
lysis be useful in adjusting th., NOGAPS synthetic TC ob- in the tropics. See Hogan and R;-smond (1991 ) "or
cted servations. The vertical ýýtructure of the tropical cyclone more details regarding the mod-l. From a modeling
don, is related to the level of synoptic-scale steering (Velden viewpoint. NOGAPS should be capable of predicting
-15 and Leslie 1991 ). For example, a shallow circulation at least the larger-scale component of the tropical cv-
I are would tend to track with the low-level flow and a con- clone vortex, providing this component is not strongly
iting sistently shallow NOGAPS cyclone might be expected forced by smaller scales within the cyclone inner core.
obal to exhibit significant track biases. Precipitation men- Barotropic modeling studies have indicated that such

sures the principal diabatic forcing on the tropical cy- a small-to-large-scale forcing is of minimal importance
the clone and is the key physical process that maintains to the forecast track exclusive of high-frequency track

I cy- the vortex. Location and intensity of precipitation oscillations (e.g., Fiorino and Elsberry 1989a.b). This
I by around the NOGAPS TC vortices can help gauge the caveat notwithstanding, the primary goal of the tropical
:lion quality of the cumulus parameterization; weak rainfall cyclone assimilation procedure is to enable the MVOI
lure; or poor location would indicate serious denciencies in to depict the NOGAPS-resolvable component of the
and the scheme (Puri and Miller 1990). tropical cyclone in a consistent and reliable manner.
per- While genesis and structure are mainly related to The NOGAPS tropical cyclone analysis strategy is
lure, the meteorological aspects of NOGAPS and TC anal- patterned after that of ECMWF (Andersson and Hol-
wring ysis procedure, the track prediction is of primary con- lingsworth 1988). Synthetic soundings are cons:ructed

cern to the tropical cyclone forecaster. The NOGAPS in the vicinity of the storm based on observed vortex
g all TC positions were extracted from the operationally parameters and then are added to the operational ob-
.ats available analysis and forecast fields. However, large servational database with flags to force their acceptance
the differences were found between the global-model initial by the MVOI analysis. The MVOI was not modified

veen positions and those from JTWC due to operational to account for smaller scales as proposed by Puri and
.am- limitations on when the synthetic observations were L6nnberg ( 1991 ), for example. reducing the search ra-
used applied and communication limitations between dius and changing the error structure functions. The
n of FNOC and JTWC. Furthermore, the forecasts gener- soundings are generated only for cyclones with maxi-
ietic ated directly from the NOGAPS fields would not be mum wind speeds exceeding 34 kt (-17 m s-').
suc- available to JTWC until after the warning was issued. In accordance with the steering model of tropical

)und Therefore, a postprocessing procedure was employed cyclone motion. the synthetic observations are assumed
veen to remove the initial position discrepancy and to im- to be the sum of I ) a large-scale. environmental flow:
mall prove timeliness by providing a track valid at the same and 2) a symmetric. cyclone-scale vortex. The envi-
,clo- time as the other aids. Both the NOGAPS raw and ronmental flow is taken from spectrally truncated fields
5000 postprocessed tracks were evaluated in terms of mean where only the first 20 waves are retained (T20 vice
81), forecast error and cross-track and -long-track biases T79). Although this truncation essentially eliminates
pre- that indicate whether the forecasts are to the right or tropical cyclone-scale features. small contributions of

,ally, left of the observed track and whether the model po- a vortex to even the largest waves may remain because
ig of sition is behind or ahead of the verifying position. Ad- of the nature of the spectral basis functions used in the
g de- ditionally. the track errors were stratified for cases with model.
iron- and without insertion of synthetic TC observations and The symmetric vortex component of each synthetic
or to with respect to track types (e.g., recurve versus straight sounding is derived from a Rankine vortex in gradient
sus- moving) to understand how model skill varies with balance whose structure is controlled by three param-

ient. synoptic conditions. In general. the NOGAPS track eters: 1) the maximum wind speed: 2) the radius of
we forecasts exhibited skill comparable to that from the maximum wind: and 3) an exponential factor that

- ob- other operational aids. governs the flow beyond the radius of maximum wind.
TC- During the evaluation period. the maximum wind

.Uon speed was taken from the warning message and the
'ics. 2. NOGAPS and the tropical cyclone analysis radius of maximum wind and the exponential factor
; TC procedure were fixed at 5"0 km and 0.6. respectively. Preliminary
level testing prior to the 1990 operaticnal test showed that
s-1) NOGAPS consists of a multivariate optimum inter- these settings led to urealistically i-rone vor •, i
7ri!- polation f MVO) anaiKis ana an I S-layer global spec- the zontext ot a relatively coarse giobal model. To

steMn tral prediction model with a triangular truncation of counteract this problem. the vortex component of the
the r 79 waves T79). This spectral resolution is equivalent synthetic TC observations was arbitrarily reduced by
self- to a horizontal spacing of approximately 160 km in a 25%. This reduction was partially justified because the

lient gridpomnt model. The MVOI is performed on the 1.51 Rankine vortex is representative of observed tropical
)rino Gaussian grid (Goerss and Phoebus 1992). The model cyclones and thus contains scales much smaller than

P4 i t
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those resolved by the NOGAPS model as discussed by During the evaluation period, for operational reasons te
Fiorino and Elsberry (1989b). As of 1991. the radius at FNOC. the synthetic tropical cyclone observations a
of maximum wind and the exponential factor are de- were analyzed only during the "posttime" run of the ui
rined from the radius of 30 kt ( 15 m s" ) and 50 kt MVOI. which begins approximately 9 h after synoptic A
(--26 m s-') winds to more closely match the sy.nthetic time. The advantage of this approach is that the delay M
vortex observations to observed cyclone structure pa- allows observations that did not reach FNOC in time bt
rameters (Goerss et al. 1991 ). for the "real-time" analysis (+2.5 h after synoptic tir:,e) a

Synthetic soundings are generated at 13 points to be included in the data assimilation process. The p,
around the cyclone, as depicted in Fig. 1, and consist real-time analysis provides the initial conditions for a!
of wind and height at 1000 mb and winds at 925, 850, the NOGAPS forecast integration. The disadvantage
700, 500. and 400 mb. The symmetric vortex corn- is that synthetic TC soundings for a 0000 L.7 ( cyclone tl-
ponent of the synthetic sounding is reduced in the ver- would not appear until the subsequent 1200 UTC real- tI-
tical to simulate the warm-core structure of the tropical time analysis. Thus. the vortex must be carried forward gr
cyclone ( 1.0 at 1000 mb to 0.65 at 400 mb). No ob- by the model during the two intervening 6-h forecasts/ ft
servations are produced above 400 mb, so that the up- analyses of the assimilation cycle. Although some ini- Ic
per-level structure must be generated by the model. tial position discrepancies resulted, we did not observe a:
Plans are under way to extend the sounaings upward sudden changes in the analyzed vortex position or p
to at least 200 mb. structure, which implies that the NOGAPS model was St

Prior to November 1990, the generation of the fairly successful in maintaining the vortex during the ft
synthetic observations and their admission to the assimilation. cý
NOGAPS database required human intervention at h
FNOC and some time periods were missed. This ini- 3. Data and vortex tracking h.
tiation process, and the intermittent nature of tropical Ct
cyclone activity, reduced the temporal consistency of This evaluation is based on NOGAPS field data
the TC analysis. However, in November 1990 JTWC taken in real time and simulates the conditions under
began transmitting a special message to FNOC that which the tracks would be calculated and used by
automatically activates the procedure. This message is JTWC, The NOGAPS solutions on sigma coordinates
written in a new World Meteorological Organization were interpolated to pressure levels and then specified a
format designed for the exchange of tropical cyclone on the standard FNOC 2.5 X 2.5* spherical grid. Al-
position and structure data between cyclone forecast though this resolution is coarser than the model a
offices and the numerical forecast centers worldwide, Gaussian grid (- 1.5°), the smallest wave resolved by f(
and these data are now distributed on the Global Tele- the T79 model has a wavelength of 4.5". Thus, little
communication System via NMC (Lord 1992, personal spectral information is actually lost during the projec-
communication). The automated system has improved tion to the FNOC standard spherical grid. Field data
the reliability of the NOGAPS tropical cyclone analysis on a smaller subgrid covering the western North Pacific
and should improve the consistency of the vortex (150S to 60'N, 60°E to 160'W) were compressed and ti
structure throughout the life cycle of a cyclone, formatted for communication either as a text message it

or as a binary file. These data were then transferred to i
a microcomputer where all track processing and gen- V
esis/structure analysis were performed.NOGAPS Synthetic TC Observation Points Random-access field data files were constructed from rz

the compressed data for every run of NOGAPS (twice s;
daily) during the evaluation period and contained I) t:
sea level pressure, winds at 925. 850. 700. 500. 400.
300, and 200 mb, and a deep-layer tropospheric mean tt

/ at I = 0, 24. 48. and 72 h: 2) sea surface temperature:
"/440 3) analyzed marine surface winds: and 4) precipitation k

every 12 h from t = 12 to 72 h for a total of 81 fields s
i *! per run of NOGAPS. The entire set (about 160 files). 1.

/ / ] including derived diagnostic quantities, requires about
,/ 15 MB of disk space.2

a- The relative vorticitv at 925 mb was used to define
the cyclone center for tracking because this level is rep-
resentative of the vertically averaged flow in the plan-
etary boundany layer. Comparison of circulation cen-

FIG. I. Location cfrth- 11 s'nthetic obser'ation points (squares a
7;Ius the center denoted by the hurricane symbol). Each ring is 2* These data and the decoder -database sof'ware are available upon
from the center. request from the first author.

S. ... I J ~ l . . . . . ..hm-
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01ons ters defined from objective streamlinc analyses showed thetic TC observations at some point in their life cycle.
tions a good correspondence to the vorticity centers. panic- there were periods of 12 to 72 h. particularly in the
f the ularly after the cyclone reached tropical storm strength. early stages. when the NOGAPS-analvzed TCs were
)ptic Although other definitions of the storm center (e.g., based only on actual observations and global model
ielay minimum ofsurf'-ce pressure or streamfunction) may forecasts. Stratification of 72-h track forecast skill by
time be equally valiV the coarse resolution of the model the presence or absence of synthetic TC observations
ime) and the data g,-i implies an uncertainty in the extracted in the initial analysis will be presented in section 4e.
The position that is larger than the expected differences

s for among alternate center definitions, a. LLCC activity and tropical cyc.oneformation
itage Grie points with relative vorticity exceeding a Model p,,formance was first analyzed in terms of
-lone threshold value of 2.0 X 10-5 s-' were identified over the formation and maintenance of LLCC in the tropics
real- the entire data grid and then a position between the (00 to 25"N) and the association of LLCCs with TC
ward grid points was calculated using Stirling's interpolation development. The purpose of the analysis was three-
asts/ formula (Gerald and Wheatley 1984). The position fold. First, LLCC forriation and maintenance is related
ini- located within 2* of the observed position was identified to the quality of the NOGAPS physical parameteriza-

erve as the NOGAPS initial TC center. The observed initial tions and the accuracy of the large-scale prediction in
n or position was taken from the message which JTWC the tropics as TC genesis is strongly linked to the
I was submits to FNOC to initiate the running of their TC large-scale flow (McBride and Zehr 1981). While a

the forecast aids. The search zone expands in time and is consistent pattern of LLCC ft rmation prior to TC de-
centered on the latest position (e.g., the 48-h center is velopment would not, in and of itself, validate the
based on a search from che 24-h forecast position) to quality of a particular physics package, a lack of LLCCs.
handle recurving and/or accelerating cyclones. If no especially in those environments in which tropical cy-

ta center is found, the TC is assumed to have dissipated. clones were observed to have formed, would suggest a
ider No special action is taken over land points, thorough review of the model physical parameteniza,
!dey In summary, the data in this study consisted of tions, starting with cumulus convection (Pun andby NOGAPS field data. the derived track forecasts, the Miller 1990). The second purpose of the analysis was
ates real-time output from the other aids used by JTWC, to measure the "susceptibility" of NOGAPS to the as-
fled and the operational "working" best track (Guard et al. similation of tropical cyclone observations. The MVOI

Al 1992) for verification . Our evaluation should provide performs an analysis by adjusting a first-guess field (i.e..
ey an operationally realistic analysis of the tropical cyclone a 6-h forecast) to differences between observations and

bly forecast skill of the global model, the first guess. A small region of large differences would
tle ges

ec- either be filtered out. depending on the forecast error
ata 4. Results covariances, or result in unrealistic changes over a
fic During the 5-month evaluation period of 25 July larger area by aliasing (Puri and Lonnberg 1991 ). Thus.
nd through 24 December. 23 tropical cyclones occurred a model that does not form LLCCs in the tropics would
ge in the western North Pacific-4 supertyphoons (max- be less capable of assimilating TC-like observations.to imum sustained winds ;- 130 kt (-67 ms`)], 12 Third, cyclone formation in NOGAPS may have some

n- typhoons, and 7 tropical storms. Track types of storms operatioral utility if used as an indicator of significant
lasting longer than 24 h included 8 straight runners, 8 changes in the large-scale flow. In fact, toward the

)m recurvers. and 3 cyclones tracking equatorward for a end of the 1990 typhoon season, JTWC began using
ce significant portion of their existence. Figure 2 shows a NOGAPS together with satellite imagery loops to an-
1) time line of tropical cyclone activity and when the syn- ticipate TC development (Goerss et al. 1991 ).
](1. thetic TC observations were assimilated. Cyclones The LLCC analysis was performed by subjectively
an tended to occur in sets of two or more in association locating and numbering all closed cyclonic circulations
re: with an intensification and subsequent breakdown of and troughs in the NOGAPS 925-mb wind analysis
on large (> 1000 km in horizontal extent) and deep mon- and the overlaid verifing 72-h forecast in the tropics
ds soon troughs, The ability of the model to simulate this (equatorward of 25'N). The 72-h forecast was used to

.large-scale trough may be important when examine the long-range predictive capability of the
ut to extrapolate skill and forecast rules to future seasons. NOGAPS model and as an internal consistency checkWhile most NOGAPS TCs were influenced bt the sen- between the model and analysis. Systems located wthin

r b _5* of each other, in both the analysis and venrfing
e 72-h forecast, were considered to be the same feature.

p" •The postanaiysis best track was not available when the error sta- The intensity and areal extent of the circulation were
n- tistics were generated. However, the operational working best track not considered in tagging the features as the purpose
n- uses the same objective best-track routine and is also adjusted by the was to understand the basic quality of the NOGAPS

)TWC forecasters during the harning process ,n a similar manner anal
as the postanalvsis best track is produced. Differences between the ysis and forecasts prior to the assimilation of the

n working and postanaiv•vs best track have been found to be small and synthetic TC observations. The formation. decay, and
%nil not change the overall sense of our results. merging of the LLCC systems were analyzed through
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FIG. 2. Time line of tropical cyclone activity and NOGAPS TC analysis during the evaluation period of 25 July-24 December 1990 in
the western North Pacific. Time (in days) runs in the x direction and cyclone number in the y direction. The hatched/dot-filled boxes
represent the cyclones of various intensities and the solid bars are periods when the TC synthetic observations would impact the analysis.

a time line as illustrxted in Fig. 3. The TC genesis point, (a false-alarm rate of 13%7), whereas four appeared in

marked on the figure for those LLCC systems that de- the analysis, but not in the forecast. More significantly,
veloped into a cyclone, is defined as the time when coincident LLCCs appeared in the 72-h forecast on L
JTWC transmitted their first request to FNOC to ex- average 24 h before the LLCC in the verifying analysis.
ecute the TC forecast aids. That is, most of the LLCCs were developed by the f(

The JTWC forecasters typically start running the model before they were analyzed. n
aids before they issue a tropical cyclone formation alert This comparison does not verify how well NOGAPS , "
(TCFA). The TCFA defines a latitude/longitude box reproduces observed levels of LLCC activity (except
in which a suspect cloud cluster is expected to form for TCs) as we did not have access to satellite and/or
into a tropical depression in the next 24 h. Running synoptic data. Rather. the comparison measures inter- a
the aids prior to the TCFA gives the JTWC forecasters hal consistency. or how well the model internally simn-
time continuity in preparing the track forecast scenario ulates the development of low-level circulations using a
(Guard et al. 1992) as the system goes into a warning its own dynamics and physics. and presumably that of
status. In 1990. the average lead time between the the large-scale tropical atmosphere. The modest false- c
TCFA and the first warning was 12.5 h (JTWC 1990). alarm rate and the large number of LLCCs (23 of 53
Thus. the quasi-operational TC genesis point may pre- analyzed LLCCs became TCs) suggest that NOGAPS
cede the actual point of genesis. Furthermore. an LLCC is active in the tropical western North Pacific and
in the NOGAPS analysis or verifying forecast at this should be able to assimilate the synthetic TC soundings
point could have been produced only from existing without excessive shock or filtering of the vortex. r
observations and/or generated by the model. A more detailed evaluation of LLCC activity prior

A total of 61 distinct LLCCs were found in the period to observed TC formation is given in Fig. 4. which
26 Jul,-26 December 1990. Of those. eight were fore- shows the time difference betsmeen the identification of
cast at 72 h. but did not appear in the verifying analysis the LLCC and the first JTWC TC aids request. \n
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FiG. 3. Sample of the time line used to analyze NOC3APS LLCC activity. Time (in days I runs in the x direction and LLCC number Inthe v direction. LLCCs that developed into TCs are marked with the cyclone number andlthe operational genesis point is identified by thein vertical line with triangular ends.
IV,
onl LLCC was present in the analysis for all but one case or first-order realism of the global model TC vortex
;is. (22/23. or 96% coverage) and in the verifying 72-h (e.g., a nearly symmetric. warm-core cyclonic circu-he forecast (a 3-day forecast that an LLCC would form lation) . At the outset. we did not expect* the model tonear the genesis point) for all but three cases (20/23 produce tropical cyclones verifiable against observedPS TCs or 87% coverage). Also, note that an LLCC was structures (McBride 1984). A more quantitative'Pt present in some cases many days before genesis (e.g., analysis would be appropriate, however, when theor cyclone 29W-i 11.5 d). The classification of the LLCC NOGAPS TC analysis procedure employs more vortex*r- at the genesis points is given in Table 1. Note that the parameters and mo'del resolution is increased.

LLCC was closed in a majority of the cases ( 16/23) Figure 5a shows the analyzed 92'5-mb flow at 1200ng and that the NOGAPS analysis was more accurate UTC 16 September 1990 for two cvclones-supertv-of (fewer missed and merged syst'ems) than the 72-h fore- pho 0W(awido13ktr-67 m s -' )south
;-cast, as expected. of Japan and typhoon 19W (max wind of 75 kt or-3

m53)i the South China Sea. As expected. th
idb. TC strut~cure INOGAPS MVOI analysis did not reproduce the ob-

served intensity, Note that the radius of 10 kt 15 Igs ~ TC structure was qualitatively evaluated using daily m, s-') wi nds Is asvmmetric and considerably larger
or maps of streamlines and isotachs at the 925-. 500-. and (70- 120) than ty pically observed (2'-.4') (Williamns

or 200.mb levels, and of precipitation rate. We examined 1986) and that the m'aximum winds (>,40 Kt -~21
the NOGAPS analysis and forecasts at t= 24. 48. and m s ') in 20W are located ;' from the center. In theof 72 h. The purpose was to deter-mine how well the syn- 72-h foreca~st (Fig. 5b) valid at 1200 UTC 19 Septemberin thetic TC soundings were assimilated and the synoptic 1990. the vortices have not weakened during the lore-



10 WEATHER .- ND FORECASTING VOLL'mE8g

200 I - , i ra.

th,
du1 0 0 -f ................................................ ........................................ ......... ... ................. ... ................. ................. re.,

II rebe
- ", -0 ... a.. . .... .. ... .. -- - .... ... .. . . . .. .. . . . . . ,,

E 15
.-00 ............-......... .........................

inr
-300 - 1 1 1 1 1 1 1 1 1 1 1 1i 5

is S

-- - - -- apl
the
sol

Storm Number crU
cvc

tme-Anal <> ,--72-han
iflI

FIG. 4. Time lag between the first appearance of the developing LLCC in the NOGAPS analysis and verifying 72-h are
forecast and operational TC genesis defined by the time when JTWC issued thei fimrst request for running the TC aids. A
negative value means the LLCC appeared before genesis. (Pth

the
cot

cast, but the asymmetries have changed with enhanced vortex asymmetries. Regardless of these and other pos- do-
flow southeast of the center for 19W and reduced winds sible explanations, the issue needs to be analyzed in anr
over the southern islands of Japan for 20W. This greater detail, particularly when making adjustments anc
change is related to enhanced friction over land and to the TC analysis scheme. . pre
topographic effects in the global model. The NOGAPS cyclone vortex was, in general, ver-

It would be fair to conclude that the NOGAPS low- tically stacked in the low and midtroposphere, and C.
level vortex structure is not very realistic. Theoretical the strength and size decreased with height as expected
studies of TC motion would suggest that the model Cw a warm-core system; however, an upper-level anti-
cyclone may have been expected to deviate significantly cyclone or outflow jets were seldom present at 200 mb is tr
from the large-scale steering due to propagation effects (not shown). This finding is consistent with the struc- the

fcre(e.g., "beta drift") (Carr and Elsberry 1990). However, ture implied by the synthetic TC soundings in which
NOGAPS tracks for both cyclones were excellent. Per- observations are limited to 400 mb and below. Despite guit
haps the cyclone size "scales" with the model and the the lack of clearly defined outflow channels, the vortex a sr.
scales it supports, or the cyclone motion dynamics have remained vertically stacked below 200 mb during the lihc
been correctly compensated by the large-scale flow or forecast. This implies that the vertical motion forced is e-

by the cumulus convection was successful in main- eva,

TABLE I. Classification of the LLCC at the time of the genesis. taining vortex cohesion. en'c

"Closed- refers to a closed circulation as defined by the objectively The precipitation for the 19W/20W case is given in 51W
drawn streamlines: a ':rough" is an area of cyclonic turning: and a Fig. 6. The rain rates were obtained by accumulating aid
"-merged" system re',.tts from the consolidation of two separate ss- convective and large-scale (resolvable) precipitationspe

ters. over a 12-h period and expressed as a rate in centi- Nmeters per day. The convective component was much
larger than the large-scale component around the fore

Not present 1 3 NOGAPS TC vortices. The concentration of rainfall that
Closed 16 16 at points around the cyclone centers is more a conse- hint
Trough 5 2 quence of the coarse resolution of the data grid rather trac
Merged I 2 than an indication of some model deficiency. Large the
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rainfall rates in the vicinity of the cvclone center and (AT) components relative to the .erifying track i Tsui
occasional eyelike patterns (note the minimum around and Miller 1988) as illustrzted in Fig. ". The CT error
the center of 20W in Fig. 6a) were consistently pro- is related to path skill, whereas the AT error is related
duced by the model. While this global model cannot to the speed of the pre,ýicted track. Unfortunately. the
resolve the dynamics of e, e formation, the qualitatively cross-track and along-,rack errors are not independent
observation of eyelike patterns is noteworthy and may because a large and negative along-track error (slow)
be worthy of further analysis. We also Found cases will always imply a smoller cross-track error. That is.
where the rainfall rate was greater for strengthening the slower the model, the smaller the track error be-
cyclones than for decaying storms, but in general the cause in the limiting case of a no-motion forecast. the
maximum precipitation rates were on the order of 5- forecast would have a large AT error and no CT error.
15 cm d'. These rates are comparable to those from Thus, statements regarding track skill and biases must
various versions of the ECMWF global model as dis- be weighted against the magnitude and biases in the
cussed by Bengtsson et al. (1982) and Puri and Miller along-track error.
(1990). Although instantaneous rainfall rates can be To give operational context to the results, we corn-
higher than 100 cm d` in a tropical cyclone, Frank pared the NOGAPS track forecasts (raw and postpro-
(1977) has shown that composite rain rates, averaged cessed) to two other aids: I ) the no-skill' climatology,
over 2' latitude annuli. range from 10 cm d-' in the and persistence aid (CLIP: Xu and Neumann 1985);
inner core to 3 cm d - outside 2°. This a eraging area and 2) the one-way influence tropical cyclone model
is similar to the resolution of the model. Thus, it would (OTCM; Hodur and Burk 1978), a dynamical model
appear that the NOGAPS physics is providing sufficient with consistently superior long-range (48-72-h) skill
thermodynamic forcing to maintain the NOGAPS-re- (Tsui and Miller 1988). The OTCM has coarser hor-
solved component of the vortex. Sufficient forcing is izontal (Ax = 205 kin) and vertical resolution (three
crucial to the performance of the model because I ) the layers) than NOGAPS (Ax ,- 160 km and 18 layers).
cyclone must be sustained during the assimilation cycle Further, the OTCM contains no physics other than a
and between breaks in the insertion of synthetic cyclone center-following, specified heating function to maintain
soundings: and 2) the assimilation is greatly improved the vortex during the integration. Despite the model's
if the model develops and maintains circulations that relative simplicity, the OTCM has been the best long-
are in close agreement with the synthetic observations range track aid in the western North Pacific during the
(Punr and Miller 1990; Goerss et al. 1991 ). Although 1980s (Tsui and Miller 1988). The CLIP model is used
the structure of the NOGAPS TC vortices cannot be to gauge forecast difficulty in that low CLIP errors im-
considered realistic when compared to observed cy- ply consistent. climatological tracks and presumably
clones, the model is able ýo resolve and forecast the easier storms to forecast. Of course. all climatological
first-order structural features of the tropical cyclone storms are easy to forecast in hindsight: nevertheless.
and this capability may be sufficient for first-order track CLIP has been used as a standard to judge meteoro-
prediction. logical skill in all TC basins (Pike 1985).

The initial position errors as a function of TC in-

c. Track i',recast analvsis tensity category (Table 2) are generally large ( -- 1.50)
overall and decrease with increasing intensity as the

The most common measure of track forecast skill vortex becomes better defined and as there is a greater
is the mean position or "forecast" error, which is simply likelihood that the syntnetic TC observations were as-
the great circle distance between the observed and similated ( most of the gaps in the TC analysis occurred
forecast position. Although a mean error can give no in the beginning of a cyclone, see Fig. 2). The large
guidance on how to use a model in a specific situation, errors also reflect the absence of TC analysis during
a small value signifies that the model has a greater like- the real-time analysis. That is. error was associated with
lihood of making a superior track forecast. This skill "carrying" the vortex through the two 6-h forecasts/
is especially important when the official forecasts are analyses of the assimilation cycle, and into the real-
evaluated by the same score. Moreover, a mean forecast time analysis/ forecast run trom which the tracks were
error that is better (i.e.. lower) than climatology/per- derived. Application of the TC analysis to the real-
sistence gives incentive to the modeler to improve the time analyses should reduce this initial position error.
aid and to carry, out a more detailed analysis to reveal 1
specific model strengths and weaknesses for various d. The NOGAPS track postprocessing procedure

track and synoptic conditions,
More important measures of skill to the operational Unfortunately, JTWC operating procedures. and

forecaster are speed and track biases. that is. metrics requirements on when the warning is issued. make it
that indicate whether a track forecast tends to be be- impossible to compare the operational results of the
hind/ahead or to the right/left of the actual cyclone NOGAPS and OTCM dynamical models in a scien-

r track. One way to measure these biases is to decompose tifically rigorous manner, that is. forecast- .tarung from
the tbrecast error into cross-track (CT7) and along-track identical ir.nital conditions and vortex parameters. The
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is
problem is best illustrated by considering how JTWC the t:me-dependent lateral boundary conditions for the p

prepares the synoptic-time warnings (0000 and 1200 OTCM. Thus, we might expect that the quality of the PC
UTC). The warning must be received by the users by synoptic-time OTCM I recasts would be poorer than at
+2.5 h (e.g., 0230 UTC), which means that the official those from the off-time (0600 and 1800 UTC) runs. is
forecast track must be completed by + 1.5 h (e.g., 0 130 which would benefit from "newer" NOGAPS field data h
UTC). The aids request is sent to FNOC at - 1.5 h (the NOGAPS zaalysis and +06-h forecast is corn- tht
(e.g.. 2230 UTC) with an extrapolated position valid pleted at approximately -3.0 h for use as jnitijI con- r
at +0 h(e.g., 0000 UTC).However. the4+0 h NOGAPS ditions). More importantly, the NOGAPV zck fore- I th,
fields that should drive the OTCM (and the other fore- cast would not be av.ailable until -4.5 n. about the P
cast aids) are not available because the NOGAPS in- time JTWC is preparing the off-time waining (e.g., be
tegration does not start until approximately +2.5 h 0600 UTC). Given the lack ol coincidence in time ca
(e.g.. 0230 UTC). The lack of time synchronization between the warning. the guidance. and the Initial po-
between the warning, the guidance. and the initial po- sitions. we employed a postprocessing procedure that z
sitions. we employed a postprocessing procedure that eliminate-, initial position differences betw-~en the o
for initial conditions (e.g.. a 12-h forecast from the NNOGAPS track ind the operational forecasts of the r.
1200 UTC NOGAPS run valid at 0000 UTC) and for aids and that provides more realistic guidance to the (
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forecaster by accounting for the time when the warning sistence-correction" procedure. A rhumb line is drawn
is issued. The postprocessing procedure is a two-step from the initial position to the 72-h forecast (or earlier.
process. if the 72-h position is not available) and the line is

In the first step, the raw NOGAPS track is decom- divided into 24-h segments. This is the "'long-term'"
posed into three 24-h motion vectors from the positions component of the track. A 24-h extrapolation is then
at t = 0. 24. 48. and 72 h (when available . The track made using the motion from the 0- and the 12-h ob-
is then reconstructed from the initial position given in served positions (persistence). and the 24-h persistence-
the JTWC aids request message using rhumb lines and corrected forecast is simply the midpoint between the
the motion vectors. This process aligns the NOGAPS long-term track and the extrapolation. The process is
track with the tracks from the other aids. Additionally, repeated for the 48-h forecast. except ti it the persis-
the realignment assumes that the most valuable com- tence extrapolation is based on the 0-24-h persistence-
ponent of the forecast is the motion vice the positions corrected forecast. The choice of weighting between
because of uncertainties associated with the initial to- the persistent and the Long-term track is not optimal
cation in the model solutions. in a statistical sense and alternative weightings may

The second step biases the motion-derived forecast yield even better short-range error statistics.
track toward persistence following a technique devel- The efficacy of the postprocessing is illustrated in
oped by Allen (1984). This modification reduces un- Fig. 9, where we compare the raw and postprocessed
realistic (i.e., nonpersistent) motion in the short-term forecasts on a one-for-one or homogeneous basis. The
(0-36-h) forecast t-ack. Figure 8 illustrates the -'per- addition of persistence greatly improves the 24-h mean
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0-72 h) from the 1200 UTC 16 September 1990 NOGAPS run. The approximate positions of cyclones 19W (South China Sea) and 20W

(east ofTaiwan) are indicated by the hurricane symbol. The contour interval is 0.5 cm d

forecast error (24%) while making modest improve- the initial wind fields in the vicinity of the cyclone .
ment in the 48- (9%) and 72-h (5%) mean errors. The are modified to steer the vortex along the initial mo- a
small reduction in the 72-h error is a consequence only tion vector (Shewchuk and Elsberry 1978). By con-
of reducing the initial position error and demonstrates trast, the persistence biasing (Allen 1984) used in the
how large position errors at the initial time ( 151 kin) NOGAPS postprocessing (see Fig. 8) takes a geometric
are lost in the much larger uncertainty at 72 h (585 approach and requires only the 72-h forevast position
kin) to yield much smaller changes (28 kin). and the initial position and motion. The mean forecast

An additional test of the NOGAPS track postpro- errors for both the pre- and postprocessed OTCM fore-
cessing was made by applying the procedure to the casts were virtually identical (+3- and -2-km differ-
OTCM forecasts. The purpose was first, to ensure a ences at 24 and 48 h. respectively). Thus. the two ap- r
fair comparison of the two dynamical models (i.e.. both proaches provide similar improvements and the fol- t
following the same rules), and second, to contrast two lowing comparisons use the operational (dynamical L
approaches to persistence correction. The OTCM em- persistence correction) OTCM tracks. We also note
ploys a dynamical preprocessing procedure in which that the geographic location of the OTCM grid is de- r
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one lined by the JTWC operational initial position so that To concentrate on operational utility. we restricted
me- all forecast tracks in fact start from the same point, the comparison of the NOGAPS tracks to the +06-h
,on- postprocessed NOGAPS forecast and the off-time runs
the e. Operational evaluation of the track-forecasts of OTCM and CLIP. all valid at the same times. These
-tric forecasts I ) use the same vortex parameters: 2) would
,ion The NOGAPS track forecasts were extracted fronm be available to JTVC at the same time: and 3) use the
:.ast the 0000 and 1200 UTC synoptic-time solutions and most recent NOGAPS fields. In essence. we penalize
ý)re- then postprocessed tracks were generated from the NOGAPS by projecting the track from a future position
fer- synoptic (+00 h) and "off-time- (+06 h) JTWC aid (+06 h) in a similar way that the OTCMN is handi-
lap- request data. For example. the 0600 ( 1800) UTC oil'- capped by using I 2-h-old forecasts .ice analysis /6-h
fol- time adjusted NOGAPS track would be constructed forecast fields for initial conditions.

ic]using the earlier 0000 ( 1200) UTC NOGAPS raw mo- Figure 10 gives the 72-h mean forecast errors strat-
ote tion vectors and the 0600 (1800) UTC JTWC aids ified by synoptic (0000 and 1200 UTC) versus off-time

de- request position and observed initial motion data. (0600 and 1800 UTC) forecasts. The comparison is
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FiG. 7. Definition of the track errors: FE-forecast error- fo
XT--cross-track error: AT-along-track error. i Observed positionI

A Persistence-corrected forecast position
nonhomogeneous to show how the performance of E 24-h extrap posit trom previous motion f
each aid changes separately. First note the small dif- fi
ference between the CLIP forecasts from 0000/ 1200 S 24-h interp posit btwn 0 and 72 h

UTC and the 0600/1800 UTC runs (- 1.3%). This is FRG. 8. The persistence-correction procedure used to bias the IT
the expected result as the input to the CLIP model is NOGAPS track to%%ard the initial observed motion. See text for a

independent of the NOGAPS fields. By contrast, the description of the method. 0
OTCM is somewhat better at the off times (-2.7%) te

and NOGAPS worse ( +5.3%). The slight OTCM ira- One reason for the low CLIP (and OTCM ) errors was
provement is likely due to the availability of newerfild. ndth N;G PSderaatona oneqene the lack of storms %kith unusual motion. such as loopers 0
fields, and the NOGAPS degradation a consequence and stallers. Obviously. better guidance is needed for
of extrapolating the forecast in time. Although tradi- t
tional tests of statistical significance would fail to prove se h pd
the forecasts are "different," the larger magnitude of challenge to the global model. Despite somewhat u
the change. vis-i-vis CLIP, and the sense of the change poorer NOGAPS performance at 72 h relative to CLIP. .

the NOGAPS track postprocessing yielded slightly bet-
fit our expectations. Furthermore. restricting the model
evaluation to the off times compares the -best" OTCM ter errors at 24 and 48 h. The OTCM was somewhat
forecasts to the "worst" NOGAPS forecasts. better than NOGAPS at 24 and 72 h. but the difference

A homogeneous comparison of the mean forecast was at most 4%. Furthermore. NOGAPS was second
error between NOGAPS. CLIP, and OTCM is given only to the OTCM and had lower errors than the other
in Fig. I We first note that the CLIP errors at 72 h aids (not shown). Therefore. the model is a viable can-
are about 10% lower than in previous years (Tsui and didate for further testing and operational use. This per- r
Miller 1988). Thus. the sample may not be fully rep-
resentative of the track types that commonly occur in "; ..
the western North Pacific. as discussed in section 4a. 700- r

800 - 557 C

TABLE 2. NOGAPS initial position error as a function 500 -

of cyclone category. 372
400-

27
Cyclone intensity category Initial 300- 211

(defined according to JTWC Number position
operating instructions) of cases error (km - -U

Tropical depression 1 oo -
(<34 kt or - 18 ms-') 49 204 o 2

Tropical storm 24 4"

(-_34 kt or - 18 m s-' and Fo'.cast ",m' tri

<64 kt or -33 m s-' 90 154 NOGAPS PO NOGAPS
T\ phoon

(;;,4 ki or - 33 m s-) 147 141 FiG. 9. Homogeneous companson of the mean forecast errors kmI
Super tphoon . ' h for the ra*A and

30 kt or 6 ms-) l 115 ,ad h he anposaprocessed NrG-='4 track
All categores 287 o5 forecasts. The number of cases is gten in parentheses belo" the error

bar and the value of the error is g\ien aboxe ine bar.
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- operationally as few "bad" aids have been eliminated
080 599 525._.7.55o se from JTWC run list (14+ in 1990) based on statistical

Soo- analyses alone. Rather than claiming that NOGAPS is
Soo - or will be the best, we are simply encouraged vwith the

- model's first-year performance. Only refinement in the
300- i TC analysis procedure and more experience will es-
300 - itablish the true operational skill of the NOGAPS TC
200- track forecast.

100 - A second reason for not stressing statistical signifi-
cance is that mean forecast error is only a gross measure"0 1V CLIP -2) OV CM "401 "..OA""' of forecast characteristics, as discussed earlier. Biases

Forecast Time (h) and performance under different synoptic conditions

- 00/12 u m 08,8 ur may have greater relevance to the operational forecaster
and shouid be addressed by the modelers when devel-

FiG. 10. 72-h mean forecast error (km) of CLIP, OTCM. and oping the TC analysis procedure.
NOGAPS for the synoptic (00/ 12 UTC) and off-time (06/ 18 UTC)
forecasts. The number ofcases is given in parentheses below the error
bar and the value of the error is given above the bar. f Track biases and stratifications

Median AT and CT errors, used as measures of speed

formance is particularly noteworthy given the inter- and track biases, are shown in Figs. 12 and 13. The
tapplication o the NOGAPS TC analysis two dynamical models have a large "behind the track"

mittenthodologys (negative median AT error) or slow bias, whereas CLIPthe methodology.

"z a Statements concerning better or worse must at least has a much smaller slow bias. The magnitude of the

consider statistical significance. Traditional significance AT errors (i.e., mean of the absolute value of AT error)

tests (e.g., Student's t) would show that the models are

statistically similar with regard to mean forecast error. , ft.".,,,.
While we cannot claim the statistical superiority of any 700 A
one forecast model, we argue that statistical significance A - 66--
of the mean forecast error should not be overly em-
phasized when evaluating the potential operational 800- ,00

i--tutility of an aid for two reasons. ,00i
et- First. these tests typically assume that the cases are 300 209 200

drawn from a normally distributed population and that -
iat M 20the samples are independent, that is. the errors from 200
ice

one forecast to the next are not correlated. While fore- ioo
cast errors are not normally distributed in a strict sense, 0!4

Ier the more serious difficulty in evaluating statistical sig- a- 24 (1111411 48 " (041 7 T
.f- nificance is the independence issue. Jarrell et al. (1978) FOMat TIMS (h)

showed that a separation of 36-h between cases within m CLIP m N0APS

a storm would reduce serial correlation to near zero,
as estimated from the autocorrelation function. Alter- .-'*, ,
natively, all cases could be used, but an effective degrees.700 B 7 -0.1 -

of freedom (number of independent cases) could be 600
estimated from the sample (e.g., Keenan and Fiorino
1987) when calculating the test parameter. Both ap- 5001 j8 - -
proaches to reducing serial dependence have the effect 400

of requiring many years of cases to establish that one 300 M 200
aid is statistically superior to another. especially when L
the differences in mean errors are small (--5%) and
the standard deviations are large (typically --60% of 100
the mean ). Thus. in practice it is virtually impossible 0 fl l'
to collect a large set of independent cases when an aid 24 l' 48 "s " 72 I"o

is developed and/or runs in an evolving operational Forecast Time (h)

environment. The stringent case requirement agrees OTCM NOGAPS

with operational experience that several years of op- FIG. I I. Homogeneous comparison of the mean forecast errors

erational use are needed for the forecasters to accept (kin) for (a) CLIP and NOGAPS and (b) OTCM and NOGAPS at

or an aid. Furthermore. a small ( - 5% ) statistically sig- t - 24. 48. and 72 h. The number of cases is given in parentheses
nificant difference may not necessarily be significant below the error bar and the value of the error is ivenl above the bar,
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"" .... viously, these results have limited applicability to fore-

50o casting unless the track type could be predicted reliably.

0- _____ However, these statistics at least give a sense of howx
*-50. 

the guidance varies under different flow regimes. given
- -6$0--a relationship between track type and synoptic flow

- o0 - __ -96(see Harr and ElsbenM 1991 ). We concentrated on the
-. 72-h forecasts as they are the most important in estab-

-200' . - j lishing the forecast track scenano (Guard et a]. 1992)
S...A. and showed the greatest differences in overall biases, c

_ _ _ _ _ _ - The stratified mean forecast error is given in Fig. 14. ,

h" Whereas the mean errors for all cyclones are similar
24 48 for all the aids. they are not distributed uniformly with

track type. NOGAPS made its best forecasts on straight
m CLIP 101 NO%3APS runners and poorest forecasts for recurvers. By contrast,

CLIP and OTCM showed more consistent perfor-

mance. However, most of the relatively large NOGAPS
_ _o-__ - recurvature error was due to the model's failure to re-

0- curve cyclones 21W and 22W. This failure resulted in
-so- very large 72-h mean forecast errors of 1310 and 967

- km for 21W and 22W, respectively. Removal of these* 100"

_ o, - cases from the dataset would substantially improve the
-ISO- statistics in NOGAPS favor. However, the main point
-200- -179 -179 is that NOGAPS showed good skill for straight runners _c
-250 - and that cyclones 21W and 22W would be good cases N

-- -,-- • for future testing of the NOGAPS TC analysis proce-
(315) 24 £15541 (171 4, omen full 72 fu4ll

Fomcsst Tfte (h)

m. 12. NOQAPS A -0- 102
Flc. 12. Same as Fig. II except for the median _0o________......._

along-track error (speed bias). 80.

60'

40" 26
were very similar (not shown) so that differences in -0. ---...

0-

the AT biases were related to speed. However, the 0.--------.•

smaller CLIP AT bias at 72 h was compensated by a - 1 L

much larger right-of-track bias (Fig. 13a) than in either -20, -it tr
OTCM or NOGAPS. Williams (1986) found that CLIP -AO - ,, ,,, .... ,,,, ,,,
had little AT bias so that the large 72-h AT bias in this 24 48 72 (h

sample may be yet another indication that the tracks a
were not very typical and that our results may not Cm u NOGAPS n(

translate well to future seasons. More notably, the st

NOGAPS CT bias is smaller than that of the OTCM, 40-/
which is important given comparable AT error charac- Bo - - - - bi
teristics. This result is somewhat surprising given the 20-.

unrealistically large horizontal extent of the vortex in at
NOGAPS, as discussed in section 4b, and should be 0o Cm

--4
addressed in future evaluations. We should also point -20 -" le
out that decomposing the forecast error into east-west, - --- le

north-south (i.e., a geographic frame of reference) 43. .. r CL

components would have aided the interpretation of the -o re
AT/CT biases. Unfortunately, the JTWC error analysis -CL
program we used to calculate the statistics did not have .-0 -124 48 m

this capability, Forcast Tims (h1 h

To understand how model forecast error and biases th
depend on synoptic conditions, we stratified the fore- OTCM MNoAPS be
casts according to track type, that is. straight runner. FIG. 13 Same as Fig. I I except for the medan

recurver, and north (and anomalous) runners. O- cross-track error (track bas 1.

J.
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table problems associated with bringing a new opera-

o600. tional procedure on-line, particularly one that requires
w .00, coordinated communication over long distances. While

n 00 i • many of the deficiencies have since been worked out.

XV 300- over half of the verifying '72-h NOGAPS forecasts in
200 this evaluation were started from initial conditions in
,o 100.4 which no synthetic TC observations were applied. That

2) ALL CA-S- ft-v01 fiffI Noth is. the cyclone vortex in the initial conditions was an-
C ,, alyzed from a forecast field (the first guess) and existing

4. sea 520 445 574 observations alone without the benefit of the syntheticNO AP ! S3 20 ] 1ss
ar *4..2 16 m iT TC soundings.

th To determine how NOGAPS skill was impacted by

t m CL, M XOGAS the insertions of synthetic TC observations, we stratified
.. . . the 72-h forecasts for cases with and without applica-

r- Too -tion of the procedure. We also wanted to detect possible
So0o. interactions of the TC analysis with other aids, such
500 as the OTCM, which rely on NOGAPS for initial con-
S-00 ditions and forecasted large-scale flow at the lateral

300 1 boundaries. The mean forecast errors for this stratifi-
20011 cation are given in Fig. 17. The CLIP forecasts were

e100 Isomewhat worse when the TC analysis was applied be-

oe m cause most of the missing cases occurred inthe begin-ALL St,,iMtl~t 1W e' etrlJ ot lle

OTCM i570 660 60 ning of the cyclone when the positions were less ac-
MOGAPS 66 620 646 5 curate. CLIP is known to have somewhat lower forecast

c ase.s 142 SO 70 ,O errors for stronger cyclones (Tsui and Miller 1988).

Om r l m GAPSPerhaps the slightly lower NOGAPS errors with the

FiG. 14. Honog'.o~eneouscniarson oCfM 72-1' meana Fovecast errors

(kin) for (a) CLIP and NOGAPS and (b) OTCM and NOGAPS
stratified by track type. ,,-* - MW

50

dure and may indicate the potential for catastrophic -so
recurvature failures. -o .. .

The AT and CT biases stratified by track type are A
presented in Figs. 15 and 16. The speed biases for the 2501 . .
north-running cyclones were smaller than for the other .300 ¾ 1
track types for all models. However, the track biases -35o 1L , *,

were much larger and to the left (negative CT error) - (u -,13 -33 ISO -62
of the verifying track, that is, the models tended toward CLIP 7 -137 -. 1 $362

a climatological northwest track rather than moving 1 • © ,,1 -25 -2 -3 '8

north. Although CLIP had a very small AT bias for
straight runners, the model was biased right of track, MCLIP -moAPS
which is again indicative of a bias toward a climato- r" ... "

logical northwest track. Similar, but more exaggerated, 50 -_•ab e dM iresi_ _ __ __ _ m_ B
biases were found for OTCM in straight-runner situ- Of

ations. whereas NOGAPS had the lowest CT bias as a s
consequence of correct predictions of equatorward - EP1
turns for cyclones 16W and 30W. Given the large and 200

left-of-track errors in the NOGAPS forecasts for re- -250,

curvers 21W and 22W, the small CT bias must have -300' __

resulted from a right-of-track bias for the other re- -350 AL C,, ,, , . N,,I ,

curving cyclones. The one-way influence tropical o0CM -266 -307 -337 -91

model was more consistently left of track, which sug- mops -257 -233 -306 -*3

gests that the OTCM may have been late in predicting a ca,.s, 142 56 70 16

the point of recurvature, whereas NOGAPS may have
been early.

The TC analysis procedure was applied intermit- FIG. 15. Same as Fig. 14 except for median
tently during the first year of testing due to the inevi- along-track error (speed bias).
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"3-0 in the era of global model TC forecasting. Still. the
-... . i OTCM deterioration is somewhat puzzling given that

200-. . . . the NOGAPS vortex did not appear to change drasti- ,
cally when the synthetic observations were not inserted.

__o A The changes in the vortex must have been more subtle. -
-200-'! - which suggests a finer sensitivity than might have been
"-300° _ expected initially. Addit:onally, we cannot conclude
-400 ALL C US that the NOGAPS TC analysis caused the change in -40

-400 ,.L CMIS S,,•e , •OTCM forecast skill or that the TC analysis method-
iLP 102 206 63 -316 1 104.INOOAPS 4 "6a 32 *2"1 ology is somehow flawed. Rather, the impact may have Tc

4 15., I2 7 i 0i been due solely to the inconsistent application of the No
TC analysis.

Mm cLIP m NOGAP Whereas the NOGAPS mean forecast error changed
S.... 4,W little with TC analysis, the CT bias showed a much

300 stronger signal (Fig. 18b) with a large rightward (gen- 2(
2001 _erally poleward in the Northern Hemisphere) bias and
0oo0 a smaller leftward bias without the insertion. Although

o. ... B further study is needed, we speculate that this signature
-,0 _ fits the expectation ofa poleward drift from barotropic
.2oo0 model results, given that the NOGAPS vortex appears
300 to be unrealistically large. Analysis of the vortex in "

A0-,o 1AES 1. , R terms of symmetric and asymmetric components
oTC 9 [' 2 -10 -362 (Fiorino and Elsberry 1989a) may be useful in under- AL
NoGAPS 1 s 9 _-2, standing how the synthetic TC observations change TC
#OStago 12 TO i the vortex structure and the motion dynamics. ;No

moTcU - NOGAPS

F
700-1 trac

OT
the.

TC analysis were also related to the intensity difference, ,oo-

but otherwise there was little change in the NOGAPS 200.

forecasts. However, the OTCM forecasts were seriously 10 -.
degraded (over 20%) when the NOGAPS TC analysis 0- de"
procedure was employed (Fig. 17b). This finding is cuP MOGANS ,C,** thi
especially noteworthy because the large errors occurred "s 686 * do
precisely when the OTCM should have performed bet- a" 8O, OV
ter, as Tsui and Miller (1988) found that OTCM skill in
varies even more strongly with intensity and is better -I I . -L MT MNO rC fol
for stronger TCs. The deleterious effect of the NOGAPS di;
TC analysis on the OTCM was examined in terms of " - S" " in
AT and CT bias (Fig. 18a). The largest effect was in ,o."
the speed bias, with a larger negative AT bias with the 600. N(
synthetic observations; that is, the OTCM storm moves ,oe- fo
even more slowly. One explanation is that the large Mo. la,
extent of the analyzed TC vortex distorted and weak- o0 a&
ened the large-scale steering flow used in the OTCM l. wi
initial conditions. Even though this steering flow is de- 0 in
rived from spectrally truncated fields, a large vortex OTC NOGAPS "cast Fi
could still leave behind a weak remnant (Fiorino and AL 6o0 6a" 142 m

TC 
:42 

5"11I(
Elsberry 1989b). 1C 07 60 re,

The harmful interaction of the OTCM with the of
global model TC analysis should be considered when MALL M C m10o 1TC m
employing global model fields in ancillary TC track tu

FIG. 17. Homogeneous Impason of the 72-h mean forecast errorsooImodels. The underlying assumption of most TC track (kin) for (a) CLIP and NOGAPS and (b) OTCM and NOGAPS
models is that the large-scale forcing fields represent a stratified by whether the NOGAPS TC s•nthetic observations are nc
steering flow. This assumption will clearly be violated used. lit
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320- in shorter-range forecasts near landfall as current global
at • . models lack sufficient resolution to realisticallv simu-,i- late the influences of physical processes on the tropical
le, -100-. depend on finescale topography and land-sea contrasts.

*n1 -200-de .30 .

in 5. Summary and discussion
OTCM MOGAPS Caletehvad o=-, I o. ' We have performed a comprehensive evaluation

yTC -28 .42 of the tropical cyclone forecast skill of the Navy Op-hec . -40 TN6 erational Global Atmospheric Prediction System
he= L(NOGAPS) in the western North Pacific during the

-h AL m ?C m No r first year of operational testing of a procedure that im-
"".. proves the initial specification of tropical cyclones in

,n- aM< the global model. The NOGAPS TC analysis procedure
od IS..... . first creates a set of synthetic vertical TC wind profiles

gh10 defined as the combination of a large-scale steering flowso -------- and an isolated TC vortex whose structure is derived
ic B from the observed storm location, maximum wind

Irs 0 speed, and the radius of 30-kt (-15 ms-') winds. In
i Io L 1990, the synthetic TC observations were added to the

its -7CM NoGA- observational database used in the "posttime" run of
"ALL -" i M42 the NOGAPS analysis (+9 h after synoptic time) be-

ge ITC 2 *a cause of operational constraints at FNOC. The post-
NO Tc: -4- To time analysis improves the analyses/forecasts of the

C m rA m T N TC data assimilation cycle by including observations thatdid not reach FN "C in time for the "real-time" analysis

FIG. 18. Homogeneous comparison of the (a) 72-h median along. (+2.5 h after syn, ptic time) used to initialize the global
track error (km' and (b) 72-h median cross-track error (kim) for model forecast integration. Since 1990, the operational
OTCM and NOGAPS stratified by whether the NOGAPS TC syn- limitations have been eliminated and synthetic TC
thetic observations are used. soundings are now used during both the real-time and

posttime analyses. However, during the period consid-
ered in this study, the synthetic observations did not

Finally, we examined the individual tracks in some directly influence the global model forecasts. Rather,
detail. Besides confirming results from the statistics, the initial TC vortex in the global model forecast in-
this analysis revealed that the NOGAPS vortex slowed tegration came from the data assimilation analysis/
down and moved erratically at landfall, particularly forecast cycle. One consequence of the posttime anal-
over Southeast Asia. An example of this defect is given ysis approach was that the initial position of global
in Fig. 19, which shows the OTCM and NOGAPS model TC was poor. Furthermore, the global model
forecasts for cyclone 19W. The storm ran straight, then guidance was not available at the same time as the
dipped equatorward as it passed the island of Luzon other aids used by the typhoon forecasters at JTWC.
in the Philippines, and then resumed a due west- Thus, a postprocessing procedure was required to
ward course before making landfall on Vietnam. The compensate for the initial position discrepancies and
NOGAPS vortex stalls and then bends northward be- to align the NOGAPS track with that of the other aids
fore landfall, whereas the OTCM takes the storm over for a fairer, and operationally more meaningful, com-
land. This difference suggests that the physical effects parison.
associated with land-sea contrasts and topography, A unique aspect of our study was an examination
which are accounted for in NOGAPS but are absent of the relationship between low-level cyclone circula-
in the OTCM. are influencing the vortex motion (see tion activity, in the NOGAPS analyses and verifying
Figs. 5b and 6b) and that the NOGAPS track forecast forecasts. and TC formation. The analysis showed that
may require special treatment at landfall until model NOGAPS was surprisingly accurate in anticipating TC
resolution is improved. Despite the poor track forecasts genesis. We attributed the success to the quality of the
of NOGAPS in the vicinity of Vietnam, the global large-scale analysis procedure in the tropics and to the
model did correctly predict the unusual equatorward parameterization of cumulus convection in the global
turn toward to the south-southwest. This typifies some model as the association occurred prior to the intro-
of the positive (e.g., good skill for straight runners) and duction of the synthetic TC observations.
negative aspects of the NOGAPS forecasts. Perhaps The low- and midlevel structure of the NOGAPS
limited-area, high-resolution models will have a role cyclones was vertically stacked and reasonable in a first-
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FIG. 19. The (a) OTCM and (b) NOGAPS track forecasts (every 12 h) for cyclone 19W, 10-20 September 1990. Working best-track
positions are plotted every 6 h with circles (tropical depression), open hurricane symbol (tropical storm), and filled hurricane symbol
(typhoon). The squares give the model forecast positions every 24 h. The working best-track positions are labeled with DDHH SP VVV.
where DD is the day number, HH is the UTC time, SP is the working best-track speed of motion during the preceding 12 h, and VVV is lu
the intensity in k. cif

to
order sense, but the radius of 30-kt (15 m s-)winds model OTCM, which uses NOGAPS for initial and m
was too large and the upper-level flow seldom contained lateral boundary conditions, were strongly and nega- Of
anticyclonic outflow over the storm center. Precipita- tively influenced by the TC analysis in NOGAPS. This pt
tion rates were similar to those from TC composites result implies that TC forecast aids that use synoptic- B
(Frank 1977). scale input from a global analysis/forecast system, and it.

Despite these structural weaknesses, the mean track assume that the "synoptic" flow is free of tropical cy- N
forecast error was comparable to the no-skill clima- clone circulations, will have to be revised when TCs ii
tology /persistence aid and the best dynamical model, are routinely analyzed by global models. ti
and revealed relatively little bias with regard to cross- Despite the 1990 operational limitations, we believe o
track and along-track errors. Furthermore, the global the first-year results in the western North Pacific are ti
model successfully predicted unusual. equatorward- encouraging. This analysis, and the even better results ir
turning tracks for several TCs. However, the NOGAPS from the 1991 season where synthetic TC observations
forecast tracks at landfall showed abrupt changes in were included in the real-time analysis (Goerss 1992),
course and rapid deceleration; both features are likely suggest that global models and data assimilation pro-
related to the coarse horizontal resolution of the coast- cedures have advanced to the point of producing op- a
line in the global model. We also stratified track errors erationally useful TC forecasts. Bengtsson et al. (1982), r.
by track type and whether synthetic TC observations in the first comprehensive evaluation of the simulation r
were included in the posttime analysis. The most sig- of TC-like vortices in an operational global model. e
nificant finding was that the forecasts of the dynamical stated that they did not believe "models with a reso- r

-7 `7`7%, AI
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Sis lution of the ECMWF model [similar to NOGAPS Naval Warfare Systems Command (PMW 165). The

circa 19901 should be used to predict tropical cyclones." second author also acknowledges the support of PMW
The purpose of their study was to encourage modelers 165 and the Office of Naval Technology. The track
to develop procedures for analyzing TCs in their global figures and verification scores were generated using the

and models. Since the Bengtsson et al. (1982) paper, many same version of the Automated Tropical Cyclone
ega- operational centers have been actively pursuing the Forecast system (ATCF V2.6) as used by the Joint

his problem, as noted in the Introduction. However, Typhoon Warning Center. Our version was kindly
tic- Bengtsson et al. may have been too pessimistic regard- provided by Mr. Ron Miller. formerly of Naval Ocean-
and ing potential operational utility. The initial results from ographic and Atmospheric Research Laboratory
cy- NOGAPS in the western North Pacific in 1990 imply (NOARL). We also appreciated Mr. Miller's assistance

TCs that even coarse-resolution global models have poten- in accessing the operational track forecast files at
tial TC forecast capabilities. As the spatial resolution FNOC. LT Richard Jeffries, USN of the Naval Re-

ieve of the global models inevitably improves, we expect search Laboratory, Monterey, and LCDR Dianne Ed-
are that the global models will become invaluable tools in son. USN of the U.S. Naval Academy, gave us valuable
ults improving TC track prediction. insights into the operations of JTWC during the 1990
ons season, and their guidance hopefully improved the op-

92), Acknowledgments. This project grew out of two erational relevance of this research. Our paper benefited
pro- weeks of active duty for training performed by the first substantially from the thorough reviews of Professor
op- author at FNOC in September 1989 as an oceanog- Russell Elsberry of the Naval Postgraduate School and

82), raphy officer in the U.S. Naval Reserve. Subsequent from the reviewers, particularly Dr. Steve Lord of the
tion research was conducted on his own time with the gen- National Meteorological Center. This paper is NOARL)del. erous but informal support of FNOC and the Envi- Contribution No. 431:006:92 and has been approved
eso- ronmental Systems Program Office of the Space and for public release; distribution is unlimited.
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